Most g-aminobutyric acidergic interneurons in the neocortex and hippocampus are derived from subpallial progenitors in the medial ganglionic eminence and migrate tangentially to the pallium, where they differentiate into a diverse set of neuronal subtypes. Toward elucidating the mechanisms underlying the generation of interneuron diversity, we have studied in mice the expression patterns in differentiating and mature neocortical interneurons of 8 transcription factors, including 6 homeobox (Dlx1, Dlx2, Dlx5, Arx, Lhx6, Cux2), 1 basic helix-loop-helix, (NPAS1), and 1 bZIP (MafB). Their patterns of expression change during interneuron differentiation and show distinct distributions within interneuron subpopulations in adult neocortex. This study is a first step to define the combinatorial codes of transcription factors that participate in regulating the specification and function of cortical interneuron subtypes.
Introduction c-Aminobutyric acidergic (GABAergic) interneurons are essential components of neocortical and hippocampal microcircuit organization and function. For example, they are implicated in the generation of synchronous population discharge patterns that are thought to be involved in various cognitive processes (Freund 2003; Whittington and Traub 2003) . Defects in GABAergic transmission have been implicated in diverse neurological and psychiatric diseases including epilepsy, depression, anxiety, schizophrenia, autistic disorders, and addiction (Freund 2003; Noebels 2003; Horike and others 2005; Lewis and others 2005) .
These complex functions involve an extremely diverse set of morphologically and physiologically distinct GABAergic interneurons (Ramon y Cajal 1911; Jones 1975; DeFelipe 1993; Kubota and others 1994; Gonchar and Burkhalter 1997; Kawaguchi and Kubota 1997; Gupta and others 2000; McBain and Fisahn 2001; Markram and others 2004; Sugino and others 2006) . Classification of cortical interneurons has been challenging and is still under debate, in part because of the considerable overlap in expression of markers in different anatomical and physiological interneuron classes. These markers include Ca 2+ -binding proteins, such as calbindin, calretinin (CR), and parvalbumin (PV), and neuropeptides, such as somatostatin (SOM), cholecystokinin, neuropeptide Y (NPY), and vasoactive intestinal peptide. Recent work combining anatomical, physiological, and molecular tools suggests that although the expression of single gene cannot isolate any one anatomical class, profiles of expression of Ca 2+ -binding proteins and neuropeptides can reliably predict anatomical types (Toledo-Rodriguez and others 2005) .
An interesting question is how this interneuron diversity is generated in the developing telencephalon. Accumulating evidence suggests that different subtypes of interneurons are specified by the action of distinct combinations of transcription factors that begin acting in interneuron progenitors in different compartments of the telencephalic neuroepithelium. This appears to be a mechanism underlying cell fate specification for different regions and cell types within the subpallium (Campbell 2003) , spinal cord (Briscoe and others 2000) , and retina (Livesey and Cepko 2001) . Recent data provide evidence that some morphologically and physiologically defined cortical interneuron subtypes are derived from distinct subpallial subdivisions (Nery and (Xu and others 2004) . In addition to intrinsic molecular cues, interneuron diversity could be regulated by ''extrinsic'' factors produced in the environment of the differentiating interneurons. Extrinsic factors could include neurotrophins or neural activity (Marty and others 1997) ; they could act in distinct cortical layers or regions and during distinct time windows.
Postmitotic subpallial-derived interneurons remain relatively immature during an extended developmental period. They do not exhibit fully distinct morphological or physiological properties until they have reached their final positions in the cortex and integrated into the cortex circuitry. Differentiating interneurons may change their intrinsic properties and competency to respond to local cues over time; these changes could contribute to subtype specification. Therefore, it is important to identify the transcription factors that are expressed at various times during the prolonged period of cortical interneuron differentiation. Transcription factors expressed during perinatal and early postnatal stages could be important for regulating their laminar position, neurite outgrowth, patterns of dendrite and axon morphogenesis, formation of synapses onto different target cells and different target-cell domains (soma, dendrites, or axons), and their electrophysiological properties. Here, we approach this subject by studying the patterns of expression of 8 transcription factors (Dlx1, Dlx2, Dlx5, Arx, Lhx6, Cux2, NPAS1, MafB) in postmitotic immature and mature cortical interneurons in mice.
Methods

Animals
The mouse mutant strain with double null alleles of Dlx1 and Dlx2 (Qiu and others 1997) and the transgenic lines Dlx1 bacterial artificial chromosome (BAC) and Lhx6 BAC (GENSAT project, http://www. gensat.org) were used. Mouse colonies were maintained at the University of California-San Francisco (UCSF), in accordance with National Institutes of Health and UCSF guidelines.
RNA In Situ Hybridization
Digoxigenin-labeled RNA probes were used for in situ hybridization histochemistry. In situ hybridization was performed on 10-to 20-lm thick cryostat sections according to standard methods. The probes used and their sources were as follows: Dlx1, Dlx2, Dlx5 ( John L. Rubenstein's laboratory), GAD67 (B. Condie), Arx (K. Kitamura), Lhx6 (V. Pachnis), NPAS1 (S. McKnight), Cux2 (H. Cremer), and MafB (S. Cordes).
Immunohistochemistry
Immunohistochemistry was performed on either 10-to 20-lm thick cryostat sections mounted on slides or 40-lm thick free-floating sections, according to standard methods. The primary antibodies used were as follows: mouse anti-CR, mouse anti-PV (1:4000, Swant, Bellinzona, Switzerland), rabbit anti-GFP, mouse anti-GFP (1:1000, Molecular Probes, Eugene, OR), rabbit anti-NPY (1:4000, Immunostar, Hudson, WI), rat anti-SOM (1:300, Chemicon, Temecula, CA), and rabbit anti-MafB (1:1000, Bethyl Laboratories, Montgomery, TX). For the anti-MafB antibody, western blots done by the manufacturer showed the specificity of the antibody to detect the MafB protein. In our hands, anti-MafB immunohistochemistry and MafB RNA in situ hybridization staining produced similar results.
Results
We analyzed the patterns of expression of 8 transcription factors in postmitotic interneuron precursors and differentiated interneurons in mice from embryonic stages through postnatal stages and adulthood (E15.5, P0, P7, and 2 months of age). Although previous studies have shown expression of some of these genes in cortical interneurons, a comparative analysis is lacking. These transcription factors include the homeobox genes Dlx1, Dlx2, Dlx5 ( (Zhou and others 1997; Erbel-Sieler and others 2004) , and the bZIP transcription factor MafB. Notably, function of MafB (also known a Kreisler, an X-ray--induced mouse mutation that affects the MafB gene) has been implicated in a variety of developmental processes, such as rhombomere specification in the early hindbrain (Cordes and Barsh 1994; Manzanares and others 1997) ; expression of MafB in cortical interneurons has not been described.
We began our analysis at E15.5, when the tangential migration from the subpallium to the cortex is very active. We compared the expression of GAD67 and Dlx2, which are believed to label all tangentially migrating GABAergic neurons (Anderson and others 1997; Stuhmer, Puelles, and others 2002) , with the expression of Arx, Lhx6, NPAS1, MafB, and Cux2 (Fig. 1) . This comparison distinguished genes like Dlx2, Lhx6, and Arx, which are expressed in the vast majority of interneurons, from NPAS1 that is expressed in a subset of interneurons and MafB whose expression is restricted to interneurons following specific migratory routes. Notably, MafB + cells appeared in the marginal zone and cortical plate but were absent in the intermediate and subventricular zones (Fig. 1I ) . Thus, interneuron precursors migrating through the cortex are heterogeneous in their migratory behavior and transcription factor profile. By early postnatal stages, immature interneurons migrate radially within the cortex to obtain their position in cortical layers (Hevner and others 2004) ; they elaborate their dendritic and axonal arbors and begin to make synaptic contacts (Ben-Ari and others 2004). At the day of birth (P0), high expression of Dlx1, Dlx2, Dlx5, Arx, Lhx6, and Cux2 was maintained in a large number of immature interneurons ( Fig. 2A--D) . In addition, http://cercor.oxfordjournals.org/ consistent with previous reports, expression of NPAS1 increased postnatally (Fig. 2E, Zhou and others 1997) . MafB expression increased postnatally as well (Figs 2F, M and 4C, D) . By P7, each transcription factor showed a distinct expression pattern (Fig. 2H--J) . For instance, in upper neocortical layers, most interneurons expressed Dlx genes, Lhx6, NPAS1, and MafB and fewer expressed Cux2. In layer I, some cells expressed Dlx, Arx, NPAS1, or MafB, whereas none expressed Lhx6 or Cux2.
In the adult neocortex, subsets of mature neocortical interneurons maintained expression of Dlx1, Dlx2, Dlx5, Arx, Lhx6, NPAS1, MafB, and Cux2 (Fig. 3A--I) . A quantitative analysis of the number of cells expressing these genes, compared with the number of GAD67 + cells, revealed that Dlxl was expressed in 55.9 ± 1.5% of interneurons, Arx in 67.7 ± 4.4%, Lhx6 in 64 ± 3%, NPAS1 in 18 ± 1.4%, MafB in 77 ± 5.2%, and Cux2 in 20.1 ± 3% of layer V and VI interneurons (Fig. 3J ).
Previous reports, together with original data presented here, show that some of these transcription factors label specific interneuron subtypes. (Fig. 4G--J) .
The recent generation of transgenic mice using modified BACs to substitute the gene of interest for a reporter gene is extremely useful for in vivo labeling subsets of cells (Yang and others 1997; Gong and others 2003) . Here, we analyzed 2 BAC transgenic mouse lines in which the sequences encoding either Dlx1 or Lhx6 have been substituted with the gene encoding the green fluorescent protein (GFP) (http://www. gensat.org). We found that, in the Dlx1 BAC line, GFP was expressed by nearly 100% of neocortical GABAergic neurons, including PV + , SOM + , NPY + , and CR + cells (Fig. 5A--F,M) . These results differ from our in situ hybridization data (Cobos, Calcagnotto, and others 2005) , which showed undetectable/ low Dlx1 expression in the PV + interneuron subclass (see Discussion below). In the Lhx6 BAC line, the expression of the reporter gene (Fig. 5G-- 
Discussion
Our analysis of transcription factor expression in mouse cortical GABAergic interneurons revealed distinct and dynamic expression patterns at different stages of cell differentiation. Previous work has shown that cortical interneuron precursors are heterogeneous in their origin within the subpallial neuroepithelium, tangential migration pathways, and some molecular properties (Sussel and others 1999; Nery and others 2002; Flames and others 2004; Xu and others 2004) . In our analysis, we distinguished transcription factors that are expressed by (Anderson and others 1997) , and Lhx6 is important for their tangential migration (Alifragis and others 2004) . In contrast, the restricted expression of other genes (i.e., MafB, NPAS1, Cux2) might have specific roles, still to be determined, in subsets of migrating or differentiating neurons. The study of transcription factor function in developing interneurons is essential for understanding interneuron subtype specification. This is a challenging project that requires, first, the analysis of the combination of transcription factors expressed by different interneurons at different developmental stages and, second, the development of molecular and genetic tools to study transcription factor function in these cells. The same transcription factor might be playing different roles at different stages of cell differentiation and maturation. For instance, Dlx1 is required, in combination with Dlx2, for the generation of interneuron precursors in the MGE and their migration to the cortex (Anderson and others 1997; Panganiban and Rubenstein 2002) and required on its own for cell morphogenesis and survival of interneurons within the maturing cortex (Cobos, Calcagnotto, and others 2005) . It should also be noted that different levels of a transcription factor can regulate cell identity, as it has been described for Cut, the homolog of the mammalian Cux genes, in Drosophila (Grueber and others 2003) .
The identification of novel transcription factors in cortical interneurons will certainly contribute to this analysis. Notably, we found expression of MafB in developing and differentiated interneurons. MafB (also known as kreisler) function is known to be essential for patterning the rhombencephalon (Cordes and Barsh 1994; Manzanares and others 1997) , for the development of hindbrain structures involved in respiratory control (Blanchi and others 2003) , and for differentiation in the hematopoietic system (Sieweke and others 1996) .
The development of molecular and genetic tools is essential for studying interneuron diversity and function (Monyer and For instance, the in vivo labeling of GABAergic interneurons using BAC transgenic mice in which the gene of interest is substituted for the reporter gene GFP (Gong and others 2003 ) is a powerful tool for studying their morphology, molecular properties, and functionality. However, the use of BAC lines requires a detailed analysis of the transgene and comparison with RNA in situ hybridization or protein expression data. We studied GFP expression in neocortical GABAergic neurons in 2 BAC transgenic mouse lines: Dlx1 and Lhx6. Our results showed that, whereas the expression of GFP and the mRNA expression of the endogenous gene were similar in the Lhx6 BAC line, this was not the case for the Dlx1 BAC line. This apparent discrepancy could result from posttranscriptional regulation of Dlx1 (i.e., different regulation of the protein or mRNA from the endogenous gene vs. the reporter gene). In addition, it could result from overexpression of Dlx2 because the Dlx2 gene is contained in the BAC transgene used for generating this mouse line (BAC address RP23-440L10), and this mouse line contains more than one insertion site of the BAC transgene (I. Cobos and J.L. Rubenstein, unpublished data). Dlx1 and Dlx2 form a convergently transcribed pair of genes and share regulatory elements (Panganiban and Rubenstein 2002) . Therefore, overexpression of Dlx2 could modify expression from the Dlx1 locus in this mouse line.
Notes
